Anderson localization (AL) phenomena usually exists in systems with random potential. However, disorder-free quantum many-body systems with local conservation can also exhibit AL or even manybody localization transition. In this work, we show that the AL phase exists in a modified Kondo lattice without external random potential. The density of state, inverse participation ratio and temperature-dependent resistance are computed by classical Monte Carlo simulation, which uncovers the AL phase from previously studied Fermi liquid and Mott insulator regime. The occurrence of AL roots from quenched disorder formed by conservative localized moments. Interestingly, a manybody wavefunction is found, which captures elements in all three paramagnetic phases and is used to compute their quantum entanglement. In light of these findings, we expect the disorder-free AL phenomena can exit in generic translation-invariant quantum many-body systems.
I. INTRODUCTION
Localization phenomena due to random potential, namely the Anderson localization (AL), is at the heart position in modern condensed matter physics [1] [2] [3] . When interplay with interaction, many-body localization (MBL) emergences and has intrigued intensive studies on disordered quantum many-body systems [4] [5] [6] [7] . Interestingly, if local conservation, e.g. Z 2 gauge symmetry, exits in Hamiltonian, AL/MBL can exit without external quenched disorder, thus certain translation-invariant quantum systems can exhibit AL or MBL [8] [9] [10] [11] . However, existing examples of disorder-free AL and MBL are still rare, in despite of general interests on relation to quantum thermalization, lattice gauge field, topological order and novel quantum liquid 9, [11] [12] [13] [14] [15] .
Recently, we have revisited a modified Kondo lattice model, namely the Ising-Kondo lattice (IKL) 16 , which is shown to reduce to fermions moving on static potential problem due to local conservation of localized moments, thus admits a solution by classical Monte Carlo (MC) simulation 17 . On square lattice at half-filling, Fermi liquid (FL), Mott insulator (MI) and Néel antiferromagnetic insulator (NAI) are established. (See also Fig. 1 .) When doping is introduced, spin-stripe physics emerges with competing magnetic ordered states, similar to t−J model and f -electron materials 18, 19 . As emphasized by Antipov et. al. in the context of Falicov-Kimball model 8, 20 , since the weight of static potential satisfies Boltzmann distribution, and if temperature is high enough, the probability distribution of all configurations of static potential tends to be equal, thus may realize binary random potential distribution. When such intrinsic random potential is active, AL of fermions appears without external quenched disorder.
In this paper, we explore the possibility of AL in IKL model on square lattice. To simplify the discussion and meet with our previous work, here we focus on half-filling case though doping the half-filled system does not involve any technical difficulty. (An example on doped system is given in Appendix C.) By inspecting density of state, in- verse participation ratio and temperature-dependent resistance, we will show that the AL phase emerges in intermediate coupling regime between metallic FL and insulting MI above antiferromagnetic critical temperature. (See Fig. 1 .) The occurrence of AL results from quenched disorder, formed by the conservative localized moment at each site. Interestingly, we find a many-body wavefunction, which captures elements in all three paramagnetic phases and is used to compute their entanglement entropy. In light of these findings, we argue that the disorder-free AL phenomena could exit in more generic translation-invariant quantum many-body systems.
The remainder of this paper is organized as follows: In Sec. II, the IKL model model is introduced and its MC formalism is developed. In Sec. III, MC is performed and observable such as density of state, inverse participation ratio and temperature-dependent resistance are computed. Analysis on MC data shows the appearance of AL phase in intermediate coupling regime if thermal fluctuation destroys magnetic long-ranged order. A wave-function is constructed and the entanglement entropy is evaluated. Sec. IV gives a summary and a brief discussion on AL in generic quantum many-body systems.
II. MODEL AND METHOD

A. IKL model
The IKL model on square lattice at half-filling is defined as follows
where itinerant electron interplays with localized felectron moment via longitudinal Kondo exchange. Here, c jσ is the creation operator of conduction electron and S z j denotes the localized moment of f -electron at site j. t is the hopping integral between nearest-neighbor sites i, j and J is the longitudinal Kondo coupling, which is usually chosen to be antiferromagnetic (J > 0). In literature, this model (with x-axis anisotropy) is originally proposed to account for the anomalously small staggered magnetization and large specific heat jump at hidden order transition in URu 2 Tr c e −βĤ(q) .
Here, the trace is split into c-fermion andŜ z , where the latter is transformed into the summation over all possible configuration {q j }. For each single-particle Hamiltonian H(q), it can be easily diagonalized intô
where E nσ is the single-particle energy level andd nσ is the quasi-particle. The fermiond nσ is related intoĉ jσ viaĉ
with φ j nσ ≡ jσ|nσ . Now, the trace over c-fermion can be obtained as
This is the familiar result for free fermion, however one should keep in mind that E nσ actually depends on the effective Ising spin configuration {q j }, thus we write E nσ (q) to emphasize this fact. So, the partition function reads
where we have defined an effective free energy
In this situation, we can explain e −βF (q) or ρ(q) = 1 Z e −βF (q) as an effective Boltzmann weight for each configuration of {q j } and this can be used to perform Monte Carlo simulation just like the classic Ising model.
To calculate physical quantities, we consider generic operatorÔ, which can be split into part with only Ising spin {q j } and another part with fermions,
Then, its expectation value in the equilibrium ensemble reads
Tre −βĤ ForÔ q , we have
In the Metropolis importance sampling algorithm, the above equation means we can use the simple average to estimate the expectation value like
where N m is the number of sampling and the sum is over each configuration.Ô q (q) is a number since we always work on the basis of {q j }.
ForÔ c ,
and we can insert
e −βF (q) in the numerator, which leads to
Tr c e −βĤ(q)
This means
where
is calculated based on the HamiltonianĤ(q). More practically, such statement means if fermions are involved, one can just calculate withĤ(q). Then, average over all sampled configuration gives rise to desirable results.
III. RESULT
In terms of MC, we have determined the finite temperature phase diagram in Fig. 1 . In addition to wellestablished FL, MI and NAI in previous work, interestingly, we have found a AL phase in intermediate coupling regime at high T . There is no transition but crossover from FL to AL and AL to MI. Since the former three phases have been detailed studied 17 , in this work, we focus on the AL phase.
To characterize the AL phase from FL or MI, we have used density of state (DOS), inverse participation ratio (IPR) and temperature-dependent resistance of conduction electrons 3, 8 . The DOS of c-fermion N (ω) is evaluated from In FL, its DOS at Fermi energy (N (0), ω = 0 is Fermi energy) is finite. For usual AL phase, it results from localization-delocalization transition from metallic FL states due to random potential, so its N (0) is finite. As for MI, Mott gap driven by local magnetic fluctuation leads to vanishing N (0) 17 . The IPR measures tendency of localization and in our case, the energy/frequency-dependent IPR is used,
In a localized state, it has to saturate for large system size. In contrast, in a delocalized state, such as FL, it has size-dependence as IPR ∝ 1/V , suggesting a well-defined inverse-volume behavior 3, 8 . The temperature-dependent resistance is related to static conductance σ dc as ρ = 1/σ dc , which reads
The derivation of σ dc and the detailed form of Φ q (ω) can be found in Appendix B. Generally, localized phases show insulating behavior at low temperature while delocalized metallic phases have contrast tendency. Now, from MC calculation of these quantities, e.g. Fig. 2, 3 and 4 , we have found a AL phase in intermediate coupling, beside well-established FL and MI at high T regime. In Fig. 2 , AL has finite N (0) though its strength is heavily suppressed and looks like a pseudogap. The reason is that due to the preformed local antiferromagnetic order, the band gap begins to form at low T . When increasing temperature, excitation of localized moments appears and it acts like impurity scattering center in the well-formed antiferromagnetic background. Then, the conduction electron scatters from such impurity and contributes impurity bound state, which fills in the band gap 28 . At high T , the long-ranged antiferromagnetic order melts but the band gap survives due to remaining local antiferromagnetic order. After considering impurity bound states, N (0) in AL is finite and a pseudogap-like behavior appears.
In Fig. 3 , we see IPR of FL satisfies the expected inverse-volume law while AL and MI have saturated IPR around ω = 0. Additionally, extrapolation of IPR at ω = 0 into infinite system size indicates that the localization length in FL is infinite while AL and MI only have finite localization length. The T -dependent resistance of conduction electron is shown in Fig. 4 , and the crossover from FL to AL and MI is clearly seen. In both AL and MI, the insulating behaviors appear before the formation of insulating NAI, (T > T c ) thus suggests they are insulators driven by correlation and thermal fluctuation.
A. Why AL appears
As found by MC simulation, the AL phase appears in intermediate coupling regime above the magnetic longranged ordered state. If T is high enough, the effective Boltzmann weight ρ(q) for given configuration of static potential/Ising spin should be equal. Thus, c-fermion feels an effective potential, which works as binary random potential. (Recall that q j = ±1 has two values.) Aver- aging over ρ(q) leads to a disorder average for c-fermion and the AL phase is realized. Technically, the above statement means that
where each configuration {q j } can be randomly chosen from all possible 2 Ns configurations rather than the ones weighted by ρ(q). (N m is the number of configuration. For N s ∼ 10 2 − 10 3 , N m ∼ 10 3 is used.) If J/t ≫ 1, one expects the appearance of AL phase. Considering that Mott localization due to correlation should dominate at strong coupling, we recovers the finding that the AL phase occurs in intermediate coupling regime.
To justify above argument, we have shown DOS and IPR in Fig. 5 using Eq. 9, where both DOS and IPR agree with ones in AL phase in Fig. 2 (b) and 3 (b) in intermediate coupling regime (J/t = 8). Thus, it suggests again that AL phase in our model results from effective random potential formed by localized moment. As a mater of fact, if we consider weak and strong coupling case, their DOS and IPR are similar to the counterpart in Fig. 2 and 3 , thus all three states at high-T are stable in T = ∞ limit.
B. A many-body wavefunction for all three paramagnetic states
Motivated by arguments in last subsection and Eq. 9, we write down the following many-body state, which approximates FL, AL and MI,
with |ψ being the many-body eigenstate of effective free fermion Hamiltonian Eq. 2 for given configuration {q j }, J and the construction of configuration {q j } is identical to Eq. 9. It is readily to shown that Ψ|Ô|Ψ gives the same result as Eq. 9, therefore, Eq. 10 itself behaves as a thermal statistical ensemble at T = ∞. 
C. Entanglement entropy
The entanglement entropy S EE is used to characterize the universal quantum correlation in many-body state. For our model, we calculate S EE for each Slater determinant state |ψ in given Ising configuration {q j } as follows 29 . We consider open boundary condition and use |ψ to compute equal-time correlation function g 
Using Eq. 11, we have computed S EE for many-body state Eq. 10, whose results are shown in Fig. 6 . Firstly, S EE decreases monotonically from samll-J to large-J regime, agreeing with the increased localization tendency. Another interesting feature is that when J/t ≃ 12, S EE /L c collapses into a single line, thus indicates a crossover from AL to MI at T = ∞. More close inspection on S EE shows a linear-dependence on L c in MI regime, which is the well-known area-law for S EE 30 . For FL regime, its S EE deviates from area-law with a logarithmic correction 31, 32 . A fitting in FL gives S EE ≃ 0.275L c ln L c + 5.05 for J/t = 2. As for AL, it qualitatively obeys area-law though a small deviation exists due to inevitable mixing with delocalized states.
IV. CONCLUSION AND DISCUSSION
In conclusion, we have established a AL phase in a modified Kondo lattice model without external disorder potential. The presence of AL results from quenched disorder, formed by conservative localized moment at each site and is a stable phase even at infinite temperature. A many-body wavefunction is constructed to understand AL, FL and MI. Their entanglement entropy is computed and the area-law is violated in FL. In light of these findings, recall that interacting many-electron system can be rewritten as free electrons moving on fluctuated background field after Hubbard-Stratonovich transformation 33, 34 . If dynamics of the background field is frozen, it may act as random potential and AL or MBL phase can be observed in generic many-body Hamiltonian. Hopefully certain classic models, such as Hubbard and Kondo lattice, may support the presence of those localized states of matter. These intriguing possibilities will be left for our future work.
Similarly, we have
For calculating dynamic quantities like conductance, (imaginary) time-dependent correlation function such as
has to be considered. It is easy to show that,
Therefore,
Using time-dependent correlation function, the imaginary-time Green's function for fixed Ising spin configuration is
Thus, if assuming τ > 0, one finds the following relations between time-dependent correlation functions and their Green's function,
The corresponding retarded Green's function is obtained via analytic continuity iω n → ω + i0
And the related spectral function is
The spectral function with momentum-dependence has essential importance to spectral experiments, which can be found as
Appendix B: Static conductance and resistance
The dc conductance is related to current-current correlation function as
ImΛ xx (k = 0, ω) ω and the static resistivity is ρ = 1/σ dc . Here, the retarded current-current correlation function Λ xx (k = 0, ω) can be obtained via its imaginary-time form
Here,Ĵ x is x-axis component of current operator. Because our model is defined on a lattice, in terms of Peierls substitution, the external electromagnetic poten-
Here, g q ijσ has no frequency-dependence and imaginary part, thus it cannot contribute to conductance and will be neglected hereafter. Integrating over τ gives J/t = 8. Because the low T phase diagram of the doped system is rather complicated due to intertwined magnetic orders, instead, we focus on T = ∞ limit, where only paramagnetic phases survive.
Using Eq. 11, S EE and IPR(0) are shown in Fig. 7 . We find that S EE for different µ has similar linear dependence on L c , and IPR(0) in infinite system limit is finite. Thus, the AL phase is stable when deviating from half-filling, at least in T = ∞ limit.
